The first detailed study of electron attachment to amino acid clusters is reported. The amino acids chosen for investigation were glycine, alanine, and serine. Clusters of these amino acids were formed inside helium nanodroplets, which provide a convenient low temperature ͑0.37 K͒ environment for growing noncovalent clusters. When subjected to low energy ͑2 eV͒ electron impact the chemistry for glycine and alanine clusters was found to be similar. In both cases, parent cluster anions were the major products, which contrasts with the corresponding monomers in the gas phase, where the dehydrogenated products ͓͑AA n -H͔ − , where AA= amino acid monomer͒ dominate. Serine clusters are different, with the major product being the parent anion minus an OH group, an outcome presumably conferred by the facile loss of an OH group from the ␤ carbon of serine. In addition to the bare parent anions and various fragment anions, helium atoms are also observed attached to both the parent anion clusters and the dehydrogenated parent anion clusters. Finally, we present the first anion yield spectra of amino acid clusters from doped helium nanodroplets as a function of incident electron energy.
I. INTRODUCTION
Amino acid clusters have recently generated considerable interest. The most celebrated amino acid cluster derives from serine, which shows a remarkable tendency to produce octamers in high abundance. These octamers, in the form of cations ͑e.g., protonated octamers͒ or in association with anions, have been observed by mass spectrometry using electrospray ionization of solutions and related techniques, such as sonic spray ionization. [1] [2] [3] [4] These observations have been taken as strong evidence for a special stability of the neutral octamers. 3 Furthermore, a comparison of chiral and racemic solutions of serine reveals a strong chiral preference at work in the cluster formation process. 1 This in turn has led to speculation that the strong homochirality of serine clusters could have been the source of the well-known homochirality in key biological molecules in the emergence of life on Earth. 5 Another amino acid cluster that has recently generated interest is the dimer of glycine. Crystalline glycine has three known polymorphs, designated ␣, ␤, and ␥, but only the ␣ polymorph tends to be formed by crystallization from pH neutral aqueous solution. 6, 7 Explanations have been put forward for this structural preference which derive from the prior formation of cyclic dimers in solution, which seed the growth of the ␣ polymorph in preference to the ␤ and ␥ forms. Although this model has recently been challenged, 8, 9 an improved understanding of the interactions between glycine molecules remains an important prerequisite for constructing a feasible mechanism for explaining polymorph selectivity.
Other evidence for the significance of amino acid clusters has emerged. For example, Charvat et al. have recorded mass spectra derived from laser-induced liquid beam ionization desorption ͑LILBID͒. This technique is an alternative to electrospray ionization for extracting ions from solutions and Charvat et al. 10 have argued that LILBID comes close to reflecting the cluster distributions in the original solution. By investigating several amino acids and by varying solution conditions such as concentration and pH, amino acid clusters were readily observed and in some cases exceed the signal from monomer ions in the mass spectrum. It has recently been established that low energy ͑Ͻ20 eV͒ electrons can induce single and double strand breaks in DNA. 11 This has motivated several recent studies of low energy electron attachment to the basic building blocks of proteins, the alpha amino acids. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] However, there have so far been no comparable studies of noncovalent clusters of amino acids. One of the interesting features of amino acids is the potential for competition between zwitterionic and nonzwitterionic tautomers. A good example of this is glycine, which is found only as the neutral tautomer in the gas phase 22 whereas in aqueous solution and in the solid phase there is firm evidence that the zwitterion predominates. 23, 24 Zwitterionic forms become plausible in amino acid clusters because there is greater tolerance to charge separation when there are one or more neighboring amino acid monomers. In effect, the charge separation can be stabilized by solvation by the surrounding species. In turn, this could alter the response to electron attachment when the monomers are compared to the dimers. For this reason, and because of the potential biological significance of amino acid clusters described above, we report here the first detailed study of electron attachment to amino acid clusters. These clusters are formed in helium nanodroplets, which provide a convenient low temperature environment for growing noncovalent clusters. In this study glycine, alanine, and serine ͑the structures are shown in Fig. 1͒ have been targeted for investigation.
II. EXPERIMENTAL
The experimental measurements were carried out using a double focusing mass spectrometer coupled with a helium cluster source. The apparatus and basic operating procedure has already been described elsewhere, 25, 26 so only a brief account will be given here. Helium nanodroplets were formed by expansion of high purity helium into vacuum at high stagnation pressure through a pinhole nozzle ͑5 m diameter͒. The nozzle was cooled to a low temperature and the mean size of the helium droplets is dictated by the combination of gas stagnation pressure and nozzle temperature. For the work described here, the helium stagnation pressure was 20 bar and the nozzle temperature was 11 K, giving droplets with a mean size of roughly 13 000 helium atoms. The droplet expansion was then skimmed and entered a pick-up region, where amino acid molecules were added by oven evaporation.
After picking up the amino acid, the doped droplets were then skimmed a second time and entered the source region of the mass spectrometer, where they were subjected to electron impact. The ion source is of the Nier-type with an energy resolution of ϳ1 eV and the current was set to 20 A. The mass spectrometer is a modified two-sector field instrument ͑Varian-MAT CH5͒, which provides a mass resolution of m / ⌬m = 200 with open slits.
Glycine was purchased from Sigma Aldrich ͑Ն99% purity͒ while alanine and serine were both obtained from Fluka ͑Ն99.5% purity͒. All were used without any further purification. In the case of alanine, a racemic mixture was used but for serine the L enantiomer was employed because of its prior use in some earlier experiments.
III. RESULTS AND DISCUSSION

A. Reaction products
The clusters of all three amino acids considered in the present work show similar electron-induced chemistry. Glycine is considered first, and the negative ion mass spectrum resulting from an incident electron impact energy of about 2 eV is shown in Fig. 2 . This mass spectrum focuses mainly on the mass region between the dimer and trimer anions, which is also representative of the behavior for higher clusters. As in the case of acetic acid, 27 the yield of the monomer anions of the presently investigated amino acids is more than an order of magnitude lower than the yield of the dimer and trimer cluster anions. Furthermore, the main species observed is the dehydrogenated parent anion, ͓AA-H͔ − , and this is mainly due to gas phase amino acid molecules that leak into the ionization region of the mass spectrometer. Thus the monomer sections of the mass spectra are not shown in the present study.
In contrast to the monomer, the most intense peak for each particular cluster size is the parent cluster anion. Similar behavior has been reported previously from this laboratory in the case of thymine clusters, where parent cluster ions consisting of up to six monomer units were found to survive intact. 25 Our current work reinforces the thymine observation and is clear evidence that embedding the amino acid clusters in liquid helium is able to prevent full conversion to the dehydrogenated species.
Nevertheless, dehydrogenated cluster anions are also produced and are the most abundant products after the parent cluster anions. Also significant, but rather weak, are peaks in the mass spectrum at 17 amu below the parent anion peaks. This has been attributed to loss of OH in Fig. 2 , but it could equally arise from loss of NH 3 . However, time consuming reactions, such as rearrangement processes, are often severely impeded in helium droplets. 28, 29 Consequently, OH ejection is the more likely channel giving rise to the peaks at 17 amu below the parent anion. This peak has also been seen in previous gas phase studies of the electron attachment to glycine monomers. [30] [31] [32] A few additional weak peaks can be identified in the mass spectrum of glycine which are attributed to the species Gly n − ·H 2 O, ͓Gly n −H͔ − · COO, and ͓Gly n −O͔ − . The first two species must arise from intracluster reactions induced by electron attachment. The assignment to ͓Gly n −O͔ − is tentative, since loss of NH 2 instead of an O atom is possible and in the present study we have no evidence to distinguish be- tween these two. Either way, no such product was found in electron attachment to the glycine monomer and this minor product is only produced in reactions of the cluster anions.
The anion chemistry for alanine clusters is broadly similar to that of glycine clusters, although there are differences in relative abundances of products. Figure 3 shows the relevant mass spectrum, which was recorded at the same incident electron energy as that of glycine clusters. In contrast to glycine, the parent anion is now less abundant than the dehydrogenated species. Other fragments observed for alanine clusters are essentially the same as for glycine clusters.
It is for serine clusters where the major difference is seen in reaction products. In this case, the OH loss product, ͓S n -OH͔ − , is now the major product anion for the trimer and larger clusters. Figures 4 and 5 illustrate this by showing the region between the dimer and trimer masses and a wider scan extending from the trimer to the pentamer, respectively. The situation changes for the dimer, where OH loss now becomes a minor channel ͑not shown in Fig. 4͒ and below the monomer there is no evidence of any fragmentation products other than ͓S-H͔ − ͑which, as mentioned earlier, is more abundant than S − ͒. Alanine differs from glycine in having a methyl group attached to the alpha carbon, whereas in serine this methyl group is replaced by a hydroxymethyl ͑CH 2 OH͒ substituent. This difference presents serine with a facile leaving group that is not available to the other two amino acids. While this accounts for the greater prominence of OH loss for serine clusters, it does not explain why this channel only becomes predominant for the trimer and larger clusters. Although only speculation, we suggest that this might reflect the increasing likelihood of zwitterionic behavior in the serine clusters as they increase in size. Mass-selective infrared spectroscopic studies of protonated serine clusters suggest a progressive increase in the proportion of clusters with zwitterionic character as the size of the cluster increases. 33 This is reflected in the progressive dominance of an absorption feature originating from a free O-H group as the cluster size increases. In other words, in the non-zwitterionic form the OH group from the CH 2 OH unit is involved in hydrogen bonding, most probably to the NH 2 group, but in the zwitterionic form this hydrogen bonding is disrupted. Consequently, according to this simple picture, unimolecular loss of OH is more likely from zwitterionic than non-zwitterionic isomers. If we assume that this also applies to the anions, then the change in chemical outcome for the dimer anion of serine, where OH loss is a very minor channel ͑not shown in Figs. 4 and 5͒ , to the trimer, where OH loss is the major product channel, can be interpreted in terms of a switch from nonzwitterionic ͑dimer͒ to zwitterionic character ͑trimer͒. One would expect the zwitterionic character to be maintained for larger clusters and this is consistent with the observed dominance of the OH loss channel for the trimer through to the hexamer.
B. Amino acid cluster anions with attached helium atoms
In addition to the chemistry described above, anions with attached helium atoms are also observed. The formation of such clusters demonstrates the high degree of cooling of the anions, if not for all then certainly for a significant subset of the amino acid clusters produced in the current experiments.
The most prominent helium clusters are those formed with glycine dimer anions and the peaks are specifically identified in Fig. 2 . He k Gly 2 − clusters are detectable with up to at least 18 helium atoms attached. Helium clusters are also seen with the dehydrogenated dimer anion, but the ratio of intensities compared with He k Gly 2 − is smaller than the intensity ratio of the bare ͓Gly 2 -H͔ − and Gly 2 − ions. This may reflect substantial differences in the electronic structures of the two anions, with Gly 2 − offering a more attractive binding environment for helium atoms.
In contrast to the cluster anions, the glycine monomer anion shows no and ͓Gly-H͔ − shows very little evidence of attached helium atoms. Glycine is expected to have a negative electron affinity because there are no low-lying vacant orbitals on the molecule to accept the incoming electron. 34 Consequently, the only way to attach and retain an electron is through a binding interaction with the molecular dipole moment. 35 Ab initio calculations have been carried out by
Gutowski et al. 36 on the possible structures of glycine monomer and its anion and the dipole moments of these species have been calculated. The most stable species is a neutral ͑i.e., nonzwitterionic͒ structure which is calculated to have a low dipole moment ͑1.2 D͒. This is too small to allow formation of a dipole-bound anion. However, the calculations by Gutowski et al. 36 also show other isomers. There is a non-ionic but substantially more polar ͑dipole moment ϳ5.5 D͒ isomer only 300 cm −1 or so above the global minimum, which seems a plausible precursor for the observed anion in the current experiments.
Although there are already several minima on the potential energy surface of glycine monomer, the potential energy landscape for the dimer is far more complex. In a joint experimental and theoretical study, Chocholoušová et al. 37 identified the 22 lowest energy isomers. These include cyclic species, where the two carboxylic acid units form a ring structure with two hydrogen bonds, along with stacked structures and T-shaped structures ͑among others͒. Based on IR spectra of glycine dimer in helium nanodroplets, recorded in the same study, it seems likely that the predominant species in helium droplets is a metastable T-shaped isomer. Consequently, if that assignment proves correct then the same species would be expected to be formed under our experimental conditions. Whereas dipole binding is necessary to form an anion for the monomer, it is unclear if this is also the case for glycine clusters, since the solvation effect of adding one or more glycine molecules may create a bound valence state for the anion. If glycine clusters also form dipole-bound anions then there is no obvious reason why helium atoms should not also be observed attached to the monomer anions. However, if the clusters lead to valence anions then the preference for attaching helium atoms shown by the clusters may derive from the very different charge distribution of the cluster anions when compared to the monomer anion. Detailed theoretical work is necessary to understand the mechanism by which the helium atoms bind to amino acid anions and this is beyond the scope of the current work.
Interestingly, the He k Gly 2 − clusters appear to show a very prominent "magic" number peak at k =8 ͑see Fig. 1͒ . There is also an indication of a shell closure at k = 16. Magic number features in mass spectra are usually interpreted in terms of the enhanced stability of particular species, e.g., derived from the closure of specific structural shells. This may be responsible for the magic and antimagic features observed here but further theoretical work is essential for any detailed interpretation.
Like glycine, the monomer anions of alanine and serine show no evidence of any attached helium atoms in the mass spectra. However, helium atoms are seen attached to cluster anions of these two amino acids and peaks corresponding to these species are indicated in Figs. 3 and 5, but they are considerably less intense relative to the He-free parent ions when compared to glycine. A summary of the relative abundances of helium clusters in the case of the parent dimer anion is presented in Fig. 6 . This also includes the glycine dimer for comparison. The clusters of helium atoms with the serine dimer anion show no magic numbers, and indeed the anions with helium atoms become undetectably weak beyond k = 4. In contrast the alanine dimer anion shows an extensive series of peaks arising from attached helium atoms with a pronounced magic number at k = 16 but no magic number at k =8. Figure 7 shows plots for the anion production efficiency as a function of electron kinetic energy, focusing on glycine dimer and glycine trimer parent anions. Similar plots were obtained for other glycine parent cluster anions, and indeed for parent cluster anions of alanine and serine, so here we focus solely on glycine since it is typical of the other amino acids. The anion efficiency curve is similar to that seen for the dehydrogenated monomer anion of amino acids in gas phase dissociative electron attachment studies. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The low energy attachment reaches a peak maximum at approximately 1 eV in the gas phase and leads exclusively to the dehydrogenated monomer anion, i.e., no parent monomer anion survives electron attachment. In other words, the initial anion formed is unstable on the timescale of the mass spectrometry experiment. However, as previously mentioned, in the current work a considerable proportion of the initially formed parent cluster anions do survive to detection, an observation attributed to rapid cooling by the helium, which partially quenches the dehydrogenation route The low energy resonance in the efficiency curves for the AA n − channel in helium nanodroplets is shifted approximately 1 eV higher when compared to the gas phase because of the approximately 1 eV threshold energy required for the electrons to penetrate the helium. 25, 28 The peak above 20 eV is derived from inelastic scattering of the electrons by the helium. 25 A higher energy resonance, peaking at 10 eV, becomes apparent for the dehydrogenated cluster anions of glycine, as can be seen in Fig. 8 . This is in the region previously assigned to core-excited resonances in the glycine monomer, which lead to a variety of reaction channels. [30] [31] [32] However, in helium nanodroplets the rapid cooling severely curtails these alternative reaction channels and many of the ions get funneled into the ͓AA n -H͔ − channel. Another noticeable feature is the variation in relative intensities of the first two resonances for each cluster in Fig. 8 . This is partly a consequence of the reduction in size of the helium droplets by evaporative loss when incorporating larger clusters compared with smaller ones. Low energy electrons are readily scattered by helium and therefore many do not penetrate sufficiently far into the droplet to reach the amino acid cluster if the droplet is large. However, as the droplet shrinks in size the proportion of low energy electrons reaching the dopant increases and thus the intensity ratio responds accordingly. In addition, it is worth noting that bubble formation in helium droplets at very low electron energies reduces the electron mobility and thus enhances autodetachment. Consequently, this process distorts the ion yield profile by reducing the intensity of the lowest energy feature.
C. Anion efficiency curves
IV. CONCLUSIONS
The effect of low energy electron impact on the clusters of three different amino acids ͑glycine, alanine, and serine͒ has been reported for the first time. The clusters were formed inside superfluid helium nanodroplets and anionic products ejected into the gas phase were detected by mass spectrometry. The chemistry of the clusters is different from the corresponding monomers. Whereas the dehydrogenated product dominates over the parent anion for the monomer, excitation by 1 eV electrons for either glycine or alanine clusters gave the parent cluster anions as the major reaction products. However, there were also significant fragmentation channels, such as OH loss from the parent anion. In serine this fragmentation becomes more severe and the major product is the ͓AA n -OH͔ − channel. The differences between glycine and alanine on the one hand, and serine on the other, are assumed to arise from the presence of a facile leaving group ͑OH͒ located on the ␤ carbon atom in the case of serine.
Peaks are also observed in the mass spectra which arise from the amino acid cluster anions with multiple helium atoms attached. Surprisingly, helium atoms are only seen attached to amino acid clusters, i.e., the corresponding monomer anions show no propensity for helium attachment. For both glycine and alanine, the relative abundance profiles show magic numbers of helium atoms, although these magic numbers are not comparable in the two cases. Once again serine clusters are different and show only a modest willingness to attach helium atoms and give no magic numbers.
The anion yield spectra of the amino acid clusters are similar to the corresponding spectra from dehydrogenated monomer anion channel in gas phase work. This is explained by the rapid cooling of the cluster anions by the liquid helium after electron attachment, which helps to prevent extensive dissociation into the ͓AA n -H͔ − channel. 
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